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T he mammalian interphase chromatin responds to DNA damages by altering the compactness of its architecture, thereby permitting local access of DNA repair machineries. Adding to the cellular strategies of chromatin remodeling following DNA damage, our recent work identified the 53BP1-EXPAND1 module in promoting chromatin dynamics in response to DNA double-strand breaks. Endowed with a nucleosomebinding PWWP domain, EXPAND1 tethers to the chromatin where it is involved in maintaining basal chromatin accessibility in unperturbed cells. Interestingly, through its direct interaction with the DNA damage mediator protein 53BP1, EXPAND1 accumulates at the damage-modified chromatin and triggers its further decondensation. These observations, together with the fact that EXPAND1 promotes cell survival following DNA damage, suggest that the chromatin-bound factor may facilitate DNA repair by regulating the organization of chromatin structure.
The mammalian chromatin, viewed as a static entity in the past, has revealed itself as a highly mobile structure that plays an active role in numerous fundamental processes, including DNA replication, transcription and DNA repair. 1 The dynamics of chromatin implicates sophisticated regulatory mechanisms that enable these processes to take place with temporal and spatial specificities. Indeed, recent research has uncovered numerous strategies via which the cell has evolved to coordinate DNA transaction events that operate on this architecture. These include chromatin bound proteins that The 53BP1-EXPAND1 connection in chromatin structure regulation 2 Indeed, recent work has elucidated how a number of chromatin remodeling complexes are specifically recruited to a DNA break. 3, 4 In addition, a number of chromatin-decorating proteins were also found to respond to DNA damage, and that their damage-induced mobilization, which results in chromatin changes, have been associated with optimal DNA damage responses. 5, 6 More recently, the DNA damage mediator protein 53BP1 has been implicated, via promoting chromatin dynamics, to facilitate non-homologous end joining DNA repair. 7, 8 With the aim to better understand how 53BP1 may regulate chromatin dynamics, we undertook a tandem affinity purification (TAP) approach to identify proteins that interact with 53BP1. 9 We first tagged 53BP1 with our TAP tag (streptavidin binding peptide-S-protein tag), and overexpressed the fusion protein in 293T cells. Following two rounds of purification, we isolated and identified a few previously reported 53BP1-interacting proteins, including TOPBP1 and RIF1. 10, 11 In addition, Strikingly, not only was EXPAND1 itself pivotal for damage-induced chromatin decondensation, but there was a strict requirement for its PWWP domain. Collectively, this data led us to propose that EXPAND1 may facilitate DNA repair by regulating chromatin decondensation. From being a mere template of genetic information, the interphase chromatin is now being recognised as a dynamic platform that actively engages in preserving its integrity. As such, the cell utilises a series of protective protocols that, in response to DNA damage, coordinate chromatin changes with DNA repair. Significantly, these mechanisms not only restore the physical integrity of the damaged DNA, but also allow epigenetic marks to be reinstated. Our identification of the 53BP1-EXPAND1 module in regulating the early events on the damaged chromatin highlights the precise coordination of DNA damage signaling and chromatin changes.
On the other hand, it remains enigmatic why the cell has evolved so many different ways to influence chromatin reorganization. Are each of these pathways devoted for repair of a sub-class of DNA lesions? Or are they integral to enforcing to the fullest extent of chromatin change in response to DNA Damage?
Likewise, although EXPAND1 is required for chromatin decondensation, as measured by the use of partial microccocal nuclease digestion assay, we do not know whether this effect is limited to chromatin domains surrounding DSBs or if this is a global effect. Although purely speculative, it is possible that EXPAND1 regulates nucleosome spacing, and thus promote basal access of transaction activities to chromatin. By the same token, we envision that the 53BP1-dependent concentration of EXPAND1 to the vicinity of DSBs might further open up chromatin domains flanking DSBs by spacing out local nucleosomal structures (Fig. 1) . Whether these 53bp1-dependent events involve redistribution of chromatinbound EXPAND1 or recruitment of a soluble fraction of EXPAND1 will require further studies. Nevertheless, given that EXPAND1 inactivation also triggered chromatin condensation in unperturbed cells, it seems likely that EXPAND1, as a
Functional Roles of EXPAND1 at DNA Damage Sites
Having established a hierarchical relationship between 53BP1 and EXPAND1, we were interested in looking at how EXPAND1 may regulate 53BP1-dependent DNA damage responses. Although we were able to document a requirement of EXPAND1 in protecting cells from IR, we did not detect significant change in EXPAND1-depleted cells in parameters associated with checkpoint activation, suggesting that EXPAND1 may only regulate a subset of 53BP1 functions. 14 Since 53BP1 is also required for DNA repair, we next tested whether EXPAND1 may facilitate repair of DNA double-strand breaks (DSBs) by following the status of H2AX in cells treated with a recoverable dose of IR. Indeed, we found that EXPAND1 was required for timely repair of IR-induced DNA breaks, and that this EXPAND1 attribute required its interaction with 53BP1. So how exactly does EXPAND1 promote DNA repair?
The EXPAND1 PWWP Link
The PWWP domain on the EXPAND1 polypeptide offered us the only hint to further dissect its function. Knowing that PWWP domains bind to histones and DNA, and that PWWP domain-containing proteins often associate with chromatin, we examined whether the EXPAND1 PWWP might be endowed with similar properties. Using a series of biochemical assays, we found that EXPAND1 PWWP interacted with nucleosomes in vitro, and was required for EXPAND1 chromatin association in vivo, suggesting that EXPAND1 promotes DNA damage repair in part through its chromatinbinding ability. In line with this idea, the EXPAND1 PWWP was indispensable for DNA repair as well as clonogenic survival upon IR treatment.
Previous work suggested that 53BP1, while stabilizing DNA ends, promotes NHEJ by enhancing chromatin dynamics. 7, 8 With this in mind, we employed the micrococcal nuclease sensitivity assay, which allows detection of damage-induced chromatin changes, to monitor chromatin status in the absence of EXPAND1. EXPAND1/MUM1, an uncharacterized protein with a PWWP domain, 12 also copurified with the 53BP1 protein-complex. The PWWP domain is a member of the Tudor domain Royal Family, which are present in many chromatin-associated proteins. 13 The identification of EXPAND1 as a possible regulator of 53BP1 chromatin function, therefore, prompted us to further characterise EXPAND1 in more detail.
Identification of EXPAND1 as a DNA Damage Response Protein
If EXPAND1 interacts with 53BP1 to promote its function in DNA damage responses, one would expect that EXPAND1 might similarly localise to DNA damage sites. Indeed, like many other 53BP1-interacting proteins, EXPAND1 rapidly accumulated into microscopically visible foci in response to ionising radiation (IR), which perfectly overlapped with those of 53BP1 and the DNA damage marker H2AX.
14 The observation that EXPAND1 concentrates at DNA breaks immediately raises the possibility that its recruitment may be coordinated by the defined DNA damage signaling pathway involving histone H2AX. DNA damage triggers the ATM/ ATR-dependent phosphorylation of the histone variant H2AX (H2AX), which constitutes one of the earliest events that initiates a signaling cascade to promote productive assembly of DNA damage checkpoint and repair proteins to the vicinity of DNA breaks. 15 Using a panel of human and mouse cells that are deficient in components of this signaling pathway, we ectopically expressed EXPAND1 and determined its subcellular localization after DNA damage. Interestingly, we uncovered genetic requirements not only for the H2AX-MDC1-RNF8 pathway, 16 but in the absence of 53BP1, EXPAND1 proteins also failed to concentrate to damage-induced foci. Conversely, EXPAND1 depletion did not noticeably affect 53BP1 foci formation. In addition, we found that EXPAND1 relocalisation to DNA breaks requires its 53BP1-binding domain, strongly supporting that the 53BP1-EXPAND1 interaction is responsible for loading EXPAND1 to the damage-modified chromatin.
chromatin-associated factor, may also regulate other cellular processes that require access to chromatin.
Finally, as PWWP domains were recently shown to specifically interact with methylated histones, 17, 18 it is tempting to speculate that EXPAND1, via its PWWP domain, may also preferentially associate with certain methylated histones in vivo. Given that histone methylation contributes to the epigenetic landscape and is intimately involved in numerous cellular processes, it will be of significant interest to identify this mark, which will offer further routes via which to dissect EXPAND1 functions, and to appreciate a fuller and a more comprehensive picture of the mammalian DNA damage response. 
